Electromagnetic wave propagations in a 3-dimensional (3D) left-handed (LH) metamaterial composed of periodic wired metallic spheres are studied numerically. It is shown that the metamaterial supports the dominant 3D LH wave with negative refractive indices. Parametric studies of dependencies of the dispersion characteristics on the unit cell structure are carried out and it is shown that the isotropy can be enhanced by tuning the diagonal wire diameter and the sphere diameters. Keywords: metamaterials, left-handed materials, negative refractive index, super lens Classification: Microwave and millimeter wave devices, circuits, and systems
Introduction
Metamaterials are artificial materials comprised of a group of small structured components. They can be seen as effective homogeneous media by an electromagnetic wave with much larger wavelength than the size or the average distance of the constituent components. Metamaterials can exhibit unusual electromagnetic properties that cannot be found in natural materials, such as negative refractive indices. Metamaterials' unusual properties potentially open up a diverse range of novel applications from microwave to optical wave regions. Metamaterials can possess unique electromagnetic properties of lefthandedness (LHness) [1] when their effective permittivity and permeabil-ity are both negative simultaneously. In this sense, LH metamaterials are sometimes referred to as double-negative metamaterials. LH properties such as backward wave propagation with anti-parallel phase and group velocities, negative refractive indices and a growth of evanescent wave are direct consequences of simultaneous negative permittivity and permeability of the effective media.
One of potential applications exploiting the LHness is super lenses [2] or hyper lenses [3, 4, 5] that realizes subwavelength focusing exceeding the diffraction limit, i.e., lenses with smaller resolution than wavelength. The ultimate goal for super lenses is definitely a realization of 3D, polarization independent perfect lenses with an infinitely small resolution, which has not been realized yet. So far, the concept of subwavelength negative refractive index lenses has been experimentally proved with a lumped-element-based 2-dimensional (2D) LH metamaterial in microwave region [6] , however the operation is limited with 2D in-plane guided waves with a certain polarization below self-resonant frequencies of lumped-elements, typically a couple of gigahertz. Three-dimensional extension of the concept is strongly expected. Isotropy will be a key factor of realizing subwavelength focusing without aberration.
Three-dimensional LH metamaterials have been proposed in several implementations [7, 8, 9, 10, 11, 12] . One using split-ring resonators (SRRs) and wires [7] is a direct extension of the first 2D LHM [13] . Distributed structures [8, 9, 10 , 11] based on transmission line approach [14, 15, 16, 17, 18] can also be extended to 3D structures. All of these have, however, limitations in feasibility of mass fabrication due to their complex topology and in scalability to any frequency. Another approach using two kinds of TE and TM modes spherical dielectric resonators [12] do not require complex structured unit elements and periodicity, and isotropy can naturally be obtained. However, the metamaterial essentially requires low-loss high permittivity dielectric material, which will be problematic as operation frequency goes higher over millimeter wave to optic frequency range.
In this article, a novel 3D isotropic LH metamaterial is presented and their LH characteristics are overviewed. The LH metamaterial consists of an array of periodic unit cells comprised with metallic spheres forming face-centered cubic (fcc) lattice as in natural molecules. All the metallic spheres in the unit cell are connected at the body center of the cell by metallic wires. The structure is a one-conductor, self-standing structure, which can be an advantage in fabrication feasibility. The structure is potentially scalable to microwave to optical wave frequency range depending on fabrication technology, which will also an advantage of the structure.
In the following sections, wave propagation characteristics in the 3D LH metamaterials are studied numerically based on the finite-element method (FEM) using commercially available full-wave electromagnetic field simulator Ansoft HFSS R . First, the detailed structure is presented in Section 2 followed by an overview of the dispersion characteristics of the structure in Section 3. Dependencies of isotropy on unit cell topology are studied for possible isotropy enhancement in Section 4. In Section 5, field distributions and Poyinting vector distributions in the structure are shown to study the propagation modes. Parametric studies of dependencies of dispersion characteristics on structural parameters are carried out to achieve isotropy enhancement in Section 6. Finally, transmission and reflection characteristics with a structure with 4-cell thick are demonstrated in Section 7.
Structure
The proposed 3D LH metamaterial is shown in Fig. 1 (a) . The metamaterial structure consists of a periodic array of cubic unit cells each of which is comprised of metallic spheres and wires. The metallic spheres are arranged in a face-centered cubic (fcc) lattice configuration, and all the spheres in the unit cell are electrically connected at the body center of the lattice with metallic wires whose cross section is a circle. The structure is a one-conductor self-standing structure and therefore it can stand without any supporting materials. Generally speaking, in order to obtain LHness, the shapes of the objects at the vertices and the face-centers do not necessarily have to be spheres, and the shape of the wire cross section does not necessarily have to be a circle, either. However, for simplicity, let us restrict ourselves to having perfect spheres with identical diameters for all the spheres. In addition let us assume that the cross sections of the wires are perfect circles with different diameters for the connections in the orientation direction shown in red in Fig. 1 (b) and for the connection in the diagonal direction shown in blue. Therefore, we have three structural degrees of freedom; the sphere diameter D, the wire diameter of the orientation connection φ o and the wire diameter of the diagonal connection φ d . The structure is so complex that we have to rely heavily on numerical simulations to accurately characterize electromagnetic waves guided by this periodic structure.
LH properties
Let us first overview the LHness of the structure in this section. Figure 2 shows the simulation results of the dispersion characteristics of the proposed 3D LH metamaterial. The results are obtained by full-wave FEM simulations for a unit cell with 3D Bloch-Floquet periodic boundary conditions. The structural parameters are chosen as the sphere diameter D = 0.5a, the wire diameter in the orientation direction φ o = 0.01a, and the wire diameter in the diagonal direction φ d = 0.034a, where a is a lattice constant. In Fig. 2 , the vertical axis shows frequency normalized by twice of the Bragg frequency. The horizontal axis shows the phase constant β = (k x 2 + k y 2 + k z 2 ) 1/2 and the symbols Γ, X, M and R in the axis denote specific points in the reciprocal lattice space (k x , k y , k z ); i.e., Γ: (0, 0, 0), X: (π/a, 0, 0), M: (π/a, π/a, 0), and R: (π/a, π/a, π/a). Circles, triangles and rectangles in are dispersion characteristics of three individual waves propagating in the Γ-X, Γ-M and Γ-R paths, however they are superimposed in the same horizontal axis with the same scale of β. It is seen from the figure that the slopes of the dispersion curves of the lowest modes for each of the Γ-X, Γ-M and Γ-R paths are all negative in the region where β is positive, leading to the conclusion that the lowest mode supports backward waves with anti-parallel phase and group velocities, and therefore, the LH structure possesses negative refractive indices. The propagation mode in the Γ-X path is in the range from 0.375 ≤ ωc/2πa ≤ 0.382 and the LH bandwidth is 1.7%. It is noted that the lowest mode has a cut-off frequency since the structure is made of single piece of conductor. It is also noted that the dispersion characteristics in the three directions gradually coincide with each other and the isotropy is enhanced as β becomes small. The isotropy can further be enhanced by tuning the structural parameters, which will be discussed later.
Unit cell topology and isotropy
The presented 3D LH metamaterial is inspired and originated by a 2D LH wire metamaterial structure [19] . The topology of the 2D LH metamaterial unit cell is shown in Fig. 3 (a) . It has been shown that the 2D structure exhibits LHness for 2D waves propagating in the x-y plane polarized in the z direction. This LH property can be intuitively explained by the transmission line theory [14, 15, 16, 17, 18] with capacitive series couplings between adjacent spheres and with shunt inductances at the waists. Figure 3 (b) shows an extended version of Fig. 3 (a) in the three orthogonal orientation directions. In order to verify LH wave supports of the structure, dispersion characteristics of the structure are calculated by full-wave simulations. Figure 4 (a) shows simulated dispersion characteristics for the structure of Fig. 3 (b) . The structural parameters are chosen as the sphere diameter D = 0.5a and the wire diameter φ o = 0.1a. As seen in the figure, the extension in the orientation directions and (c) 3D extension in the diagonal directions. The unit cell in Fig. 1 (b) is a combination of these two extensions.
lowest mode exhibits LH characteristics with anti-parallel phase and group velocities for the Γ-X path. On the contrary, the lowest modes in the Γ-M and Γ-R paths exhibit RH characteristics with phase and group velocities of the same sign. In other words, the structure of Fig. 3 (b) exhibits a strong anisotropy. Another way to extend the 2D structure of Fig. 3 (a) to 3D is by connecting the wires in the four diagonal directions as in Fig. 3 (c) . On the contrary to the previous case of Fig. 3 (b) , LH wave propagations in the diagonal directions are expected. Figure 4 (b) shows simulated dispersion characteristics for the structure of Fig. 3 (c) . The structural parameters are chosen as the sphere diameter D = 0.5a and the wire diameter φ d = 0.1a. As seen in the figure, LH waves propagate in the Γ-R direction as the lowest mode as expected. However, the bandwidth of the LH modes in the Γ-M path is much smaller than that in the Γ-X path and, moreover, the propagation mode in the Γ-X path is no longer LH. In summary, the two of the 3D-extended topologies shown in Figs. 3 (b) and (c) possess the opposite dispersion characteristics in terms of isotropy.
A possible 3D extension to achieve LH property in both the Γ-X and Γ-R paths is to combine the two unit structures of Figs. 3 (b) and (c). This ends up with the unit cell of Fig. 1 (c) and, as shown in the previous section, the combined structure actually exhibits LH properties in both the Γ-X and Γ-R paths as expected. Since the 3D extensions in the orientation and diagonal directions of Figs. 3 (b) and (c) are complementary in terms of isotropy, it can be easily imagined that the isotropy of the combined structure can be enhanced by tuning the structural parameters of orientation and diagonal elements individually. This is actually possible and will be shown numerically later in the section on a parametric study.
Fig. 4. Dispersion characteristics (simulation). (a) For
unit cell of Fig. 3 (b) . (b) For the unit cell of Fig. 3 (c) . The two unit cell has complementary dispersion characteristics with each other in terms of anisotropy.
Propagation modes
Field distributions are observed by numerical simulations for better understanding propagation modes in the structure. Electric and magnetic field distributions and Poyinting vector distributions for the four propagation modes 
Parametric study
It is expected that the isotropy can be enhanced by tuning the unit cell structures as explained in the preceding sections. In order to study possible isotropy enhancements, parametric studies of dispersion characteristic dependencies on the structural parameters of the unit cell are thoroughly carried out numerically. In the following, dependencies of the isotropy and relative bandwidth of the dominant LH mode are summarized showing dependencies on the diagonal wire diameter φ d and on the sphere diameter D.
In order to evaluate the isotropy, let us define a quantity 'isotropy factor ' as a ratio of an angular frequency deviation Δω among the angular frequen- 
This quantity of I increases with decreasing the deviation Δω. Figure 7 (a) shows the dependency of the isotropy factor I as a function of the normalized diameter of the wires in the diagonal direction, φ d /a. The sphere diameter D and the diameter of the wires in the orientation directions are chosen as D = 0.5a and φ o = 0.01a, respectively. As seen in the figure, the isotropy factor I increases and the isotropy enhanced with decreasing φ d /a in the range of 0.03 ≤ φ d /a ≤ 0.038. Outside this range, when φ d /a < 0.03, dispersion characteristics on the Γ-R path becomes RH, while when φ d /a ≥ 0.038, the LH bandwidth overlaps with that of the second mode and cannot exist as a single mode, which is not preferable. 
Transmission characteristics
In order to directly demonstrate wave propagations in the LH structure, full-wave simulations are carried out. A 4-cell LH metamaterial structure is arranged in series and two 50 Ω coaxial cables are coupled as shown in Fig. 9 so that the electric and magnetic fields can couple to the propagation modes in the structure. The periodic boundary conditions are applied to two pairs of boundaries in the x and y directions. Note that the input/output ports are also set to be periodic due to the periodic boundary conditions. The lattice constant is chosen as a = 10 mm, and the structural parameters are chosen as D = 5.0 mm, φ o = 1.0 mm and φ d = 0.6 mm. Perfect conductors are assumed as boundary conditions for all the metallic structure including the coaxial cables, and no dielectric loss in the coaxial cables is assumed. Dispersion characteristics for the structure are shown in Fig. 10 . The LH bandwidth for the dominant mode in the Γ-X path is from11.81 to 11.93 GHz. The next three lowest modes in the Γ-X path are the LH mode from 11.96 to 11.98 GHz, the LH mode from 12.08 to 12.47 GHz, and the RH mode from 12.61 to 12.98 GHz, respectively. Simulated frequency characteristics of the transmission and reflection coefficients for the strucuture are shown in Fig. 11 . The hatched regions denote the propagation bands of 'Dominant LH mode', 'Mode I', 'Mode II' and 'Mode III' obtained from the dispersion characteristics of Fig. 10 . It is noted that the transmission coefficient |S 21 | has fundamentally four transmission bands as seen from the figure, and the bandwidth of these bands agree well with the bandwidths obtained by the dispersion characteristic in Fig. 10 , and wave propagations with the LH modes is confirmed. Incidentally, although there is a large mismatch to the 50 Ω coaxial line in this configuration, this could be improved by introducing the matching mechanism as is done in many microwave engineerings. 
Conclusions
Characteristics of the 3D LH structure composed of wired metallic spheres are overviewed. The dispersion characteristics obtained by full-wave FEM simulations with 3D periodic boundary conditions have clearly shown the dominant LH wave support with typical unit cell dimensions. It has been shown that the unit cell is topologically comprised with two unit cell structures with complementary anisotropies in the Γ-X and Γ-R paths. This implies that isotropy can be enhanced by tuning the constituent unit cell structures. Electric and magnetic field distributions and Poyinting vector distributions have also shown for the lowest four modes for better understanding the propagation modes in the structure. In order to investigate possible isotropy enhancements, parametric studies of dependencies of dispersion characteristics on the structural parameters of the unit cell have been carried out by introducing the isotropy factor I. In summary, it has been shown that the maximum isotropy and the maximum bandwidth cannot be obtained simultaneously both by changing the diagonal wire diameter φ d and the diameter of spheres D, however φ d ∼ 0.034a and D ∼ 0.5a will be a good choice to balance good isotropy and wide bandwidth. In addition, the scattering parameters of a 4-cell LH structure have been calculated directly and LH wave supports by the presented structure has been confirmed numerically.
